Abstract: Sponges are one of the oldest metazoan phyla that are, due to their highly conservative nature, often referred to as the living fossils of multicellular animals. As such, they are a very important model for evolutionary, developmental and functional studies of Metazoa. Tubulin polymerization promoting proteins (TPPPs) are defined by the presence of p25-alpha domain (Pfam05517). Their functional characteristics resemble those of microtubule-associated proteins. Presence of TPPP homologous genes has been postulated in all eukaryotes with ciliated cells and their primary function has been proposed as some basic cilia-connected function. We present here the genomic structure and the corresponding cDNA sequence of one poriferan TPPP homolog (SdTPPP) isolated from the marine sponge Suberites domuncula; and a comparative analysis of TPPP homolog sequences and genomic structures from other Eukaryotes. Our results confirm the radiation of one TPPP homolog into three distinct genes in the Vertebrate lineage, but the origin of different sequences and their phylogenetic relationships show to be influenced by alternative protein isoforms, independent gene duplications, modularity of the p25-alpha domain and possible adaptational requirements to environmental conditions.
Introduction
Sponges are one of the oldest metazoan phyla. Sponge remains have been identified in deposits of ∼580 million years (Myr) ago, suggesting their existence 40-50 Myr before the Cambrian Explosion (Li et al. 1998) . In Devon (up to ∼370 Myr ago), sponges were the main reef-building organisms while corals took over only later (Rowland & Gangloff 1988) . Majority of the poriferan extant species emerged in Cretaceous ∼150 Myr ago (Rigby et al. 1993) . Their morphology is highly conserved throughout the geological history. As the most simple multicellular animals, sponges are at the cellular grade of organization being built of different types of specialised cells and their products. Activity of flagellated cells, choanocytes, enables them to filter large amounts of water and as very efficient filter feeders they are capable to live in nutrient-poor environments like tropical reef habitats, where they are dominant group of suspension feeders (Bergquist 1978) . Due to their highly conservative nature, sponges are often referred to as living fossils of multicellular animals (Müller 1998 ). As such, they are a very important model for metazoan evolutionary, developmental and functional studies (Müller 2001) .
TPPP/p25 is a flexible (Otzen et al. 2005) or even natively disordered (Orosz et al. 2004 ) protein, first reported as a 25 kDa brain-specific protein co-purified together with the τ kinase (cyclin-dependent kinase 5) (Takahashi et al. 1991) . Its activity is regulated by M. Štifanić et al. several post-translational modifications and its functional characteristics resemble those of microtubuleassociated proteins (MAPs) (Hlavanda et al. 2007 ; Kleinnijenhuis et al. 2008 ); a review on TPPP/p25 interacting partners has been given by . A connection to functions of vertebrate-specific myelin basic proteins has also been recently shown (Song et al. 2007) . TPPP/p25 is being intensively studied due to its role in brain function and deregulation leading to synucleinopathies, a group of neurodegenerative disorders characterized by fibrillary aggregates of α-synuclein protein in the cytoplasm of selective populations of neurons and glia (Marti et al. 2003; Orosz et al. 2009 ). TPPP/p25 has also been recently shown to be critical for oligodendrocyte differentiation, where its downregulation inhibits differentiation and promotes cell proliferation (Lehotzky et al. 2010) .
TPPP/p25 is a member of the tubulin polymerization promoting protein (TPPP) family (Zhang et al. 2002; Vincze et al. 2006) , defined by the presence of p25-alpha domain (Pfam05517). Very little is known about functions of the other two TPPP family members (TPPP2/p18 and TPPP3/p20). Although distinct, the characteristics of TPPP3/p20 are quite similar to TPPP/p25 (Vincze et al. 2006; Aramini et al. 2007 ). It has been described that inactivation of TPPP/p20 leads to cell cycle arrest in HeLa cells and its role was proposed to be crucial in regulating centrosomes amplification and/or spindles translocation processes (Zhou et al. 2010) . In contrast to the colocalization of TPPP3/p20 and TPPP/p25 with the microtubules, TPPP2/p18 apparently displays homogeneous cytoplasmic distribution suggesting a different role of this family member (Vincze et al. 2006) .
The presence of TPPP homologous genes has been postulated in all eukaryotes with ciliated cells (Orosz & Ovádi 2008) . Apart from vertebrates which contain three paralogous TPPP genes, all other ciliated eukaryotes probably have only one TPPP homologous gene shown to be one of only 16 genes shared in all their genomes, indicating some basic cilia-connected function (Orosz & Ovádi 2008 ). The present study aims to further clarify phylogenetic relationships of TPPP homolog genes.
Material and methods

Isolation of S. domuncula TPPP gene homolog
BLASTx searches (Altschul et al. 1997) of GenBank (Benson et al. 2009 ) revealed the existence of SdTPPP homolog gene in a genomic clone (Fig. 1) isolated from Suberites domuncula genomic library while searching for iroquois homeobox genes (GU361773, GU361774 and GU361776; Mauro Štifanić, manuscript in preparation).
Specimens of S. domuncula were collected by scuba diving near the city of Rovinj, Croatia (Adriatic Sea). Genomic DNA was isolated as described (Plese et al. 2008 ). Forward primer (5'-ATGGCTGCTGGGTCTGTAGC-3'; specific within the third exon of SdTPPP gene) and reverse primer (5'-GGAGATGATTCAGCCCACCAT-3'; specific within the first exon of SdIrx-a gene; GenBank: Figure 2 ) were used in a PCR with 20 ng of genomic DNA as a template. The primers 5'-AGGATTTCCTTGCTCACGACGCTAA-3' and 5'-CCAT AAAACCAAGACTGCGGGATTG-3', both specific within the SdIrx-b gene sequence (GU361774), were used in a parallel PCR as positive control. PCRs contained 0.3 µM primers (MWG, Germany), 2.5 activity units of NovaTaq Hot Start DNA polymerase, 200 µM deoxyribonucleotides (dNTPs) and 1X PCR buffer from the same supplier (Novagen, Germany), 1.5 mM MgCl2 in a total volume of 50 µL. PCR amplification reactions were performed in Thermal cycler 9600 (Perkin Elmer, Germany) at 95
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• C 2 min for initial denaturation followed by 35 cycles at 95 • C 1 min elongation. PCR products were subject to electrophoresis using 1.5% agarose gel in TAE buffer (Ausubel et al. 2002) . SdTPPP genomic sequence was deposited with GenBank under the accession No.: HQ214669. SdTPPP cDNA (GH560390) was retrieved from the expressed sequence tag (EST) division of GenBank by BLASTn search using the genomic sequence as a query.
Sequence analyses
A BLASTp search (Altschul et al. 1997) at the National Center for Biotechnology Information (NCBI) protein database was performed using the SdTPPP homolog protein sequence (conceptually translated from GH560390 cDNA sequence) as a query. The retrieved sequences were preliminarily aligned with ClustalX version 2.0 (Larkin et al. 2007) , and presented using GeneDoc version 2.7.000 (Nicholas et al. 1997) . Preliminary alignment was used to manually select TPPP homolog sequences for the final alignment. Selection criteria were based on omitting short partial sequences, redundant sequences, as well as sequences retrieved due to conserved domains and motifs present also in genes other than TPPP homologs (Orosz 2009 ). Human and mouse paralogs only were selected to represent mammalian homologs. In addition to sequences selected from the preliminary alignment, final alignment includes one Batrachochytrium dendrobatidis homolog (BDEG 06075) found at http://www.broadinstitute.org/annotation/genome/ batrachochytrium dendrobati dis/MultiHome.html and one Amphimedon queenslandica homolog translated from an EST (CABF15164.g1) found at the NCBI EST database (Boguski et al. 1993 ). Due to their partial amino-terminus, Hydra magnapapillata XP 002154495.1 and Monosiga brevicollis XP 001743131.1 proteins were replaced by protein sequences deduced from CN555646 EST and Monbr1/23057 (found at http://genome.jgi-psf.org/Monbr1/Monbr1.home. html) sequences respectively, coding for considerably longer amino-ends. Sequences selected for the final alignment were truncated in order to perform the sequence similarity analysis using only the Pfam05517 (p25-alpha; TPPP/p25 superfamily) protein domain (starting with amino acid residues aligned with F45 of the human TPPP/p25 protein sequence NP 008961). Additionally, only the B. dendrobatidis sequence (BDEG 06075) was cut at the C-terminal end (the last 105 unaligned amino acids). Final alignment was constructed out of two separately aligned profiles; one containing outgroup sequences ("Short-type TPPP homologs") and the other being composed of "Long-type TPPP homologs". The alignment was finalized manually.
Distance tree was calculated by ClustalX version 2.0 (Larkin et al. 2007 ) and visualized using TreeView version 1.6.6. (Page 1996) . Protein and EST sequences and accession numbers listed in Table 1 were used as BLAST queries in order to find corresponding genomic sequences (in the genomes and/or genomic contigs of corresponding species). Tetraodon nigroviridis gene was found at Genoscope web page (http://www.genoscope.cns.fr/), Xenopus tropicalis at DOE Joint Genome Institute (http://genome.jgi-psf.org/), Batrachochytrium dendrobatidis at Broad Institute (http:// www.broadinstitute.org/) and all other genes at the NCBI web-server (http://www.ncbi.nlm.nih.gov/).
Intron positions in annotated genes were deduced directly at corresponding web pages. Positions of introns in unannotated genes were deduced after aligning genomic and cDNA sequences in Lasergene 99 software package (DNAS-TAR, Madison, WI). Intron positions were manually added to the final alignment.
Results and discussion
S. domuncula TPPP homolog
Part of the annotated sequence of the genomic clone containing the SdTPPP gene is shown in Figure 2 . The genomic region between the end of the aligned SdTPPP cDNA (excluding the poly-A tail) and the beginning of the SdIrx-a cDNA spans only 84 nucleotides and contains one restriction site for SauIIIA1, the restriction enzyme used for an incomplete random digestion of the genomic DNA as a step in the genomic library construction procedure (Seack et al. 2001) . To check if such a construct exists in situ, S. domuncula genomic DNA was subjected to PCR primed with two primers situated at opposite sides of the SauIIIA1 restriction site. A positive control PCR reaction was performed using the same genomic DNA isolate and a pair of primers resulting with a similar product size. The expected 403 bp long PCR band was not detected, whereas a very strong (expected 516 bp) control band was found present somewhat above the 500 bp marker band (Fig. 3) . Since the PCR results have not proven the adjacent position of the two genes (SdTPPP and SdIrx-a) in situ (in the isolate of the S. domuncula genomic DNA), it is most likely that such a genomic construct was a DNA manipulation artefact introduced during the library construction procedure. We therefore treated the two genes as if originating from two separate genomic loci and have accordingly deposited them as two separate nucleotide database entries (HQ214669 and GU361773 for SdIrx-a).
SdTPPP cDNA sequence (GH560390) contains 667 nucleotides (excluding the poly-A tail) and codes for 180 amino acid residues long TPPP homolog, whose predicted molecular weight of 19.2 kDa and isoelectric point of 9.6 are typical for TPPP/p25 homolog sequences. Although originating from a different individual, the cDNA sequence is 100% identical to corre- sponding regions in the genomic sequence (Fig. 2) . The gene contains two introns. Their sizes of 172 for the first and 144 nucleotides for the second intron are usual for poriferan genes (Štifanić & Batel 2007 ).
Comparative analysis of TPPP genes BLAST results. BLASTp search at the NCBI protein database using the SdTPPP homolog sequence (coded by GH560390) as a query retrieved 146 sequences. The alignment presented in Figure 4 was constructed as described above in the part "Sequence analyses". It contains 34 "Long-type TPPP homologs" (see Orosz 2009) and 10 outgroup sequences which lack the Rossmann fold signature (Rossmann et al. 1974; Kleiger & Eisenberg 2002) and show a relatively high degree of dissimilarity in the putative microtubule-binding region (denoted as "Short-type TPPP homologs" in Orosz 2009). Outgroup sequences originate from basal eukaryotes. In order to increase the reliability of sequence similarity comparisons by reducing the probability of aligning alternative protein isoforms (evidenced to affect the amino-terminus of some TPPP proteins; see below in the part "Existence of alternative TPPP protein isoforms"), the amino-terminus of sequences used in final alignment was truncated (like indicated above in the part "Sequence analyses"). The calculated distance tree is presented in Figure 5 .
p25-alpha domain structure. NMR structure of TPPP3/p20 protein (Aramini et al. 2007) showed the p25-alpha domain (present in all TPPP/p25 family members) to be composed of two distinct regions. The amino-region of the domain (encompassing approximately 2/3 of the sequence; coded by the first two coding exons of human TPPP/p25 family proteins) is composed of five α-helices and two β-sheets which form a globular three-dimensional structure. Function of this region is still unknown. The second, unstructured carboxyl-region contains the putative microtubule-binding motif followed by a Rossmann Figure 4 and species names in Table 1 were listed according to their arrangement in the distance tree (from top to bottom).
fold ). This region is coded by the third coding exon of human TPPP paralogs. As shown by Orosz (2009) , BLASTp searches using the complete p25-alpha domain as a query result with sequences homologous to the whole p25-alpha domain, or to either of the two previously mentioned regions, i.e. such searches result with a group of different proteins which contain either one or both regions conserved. The results presented by Orosz (2009) are also very informative of the wide spectrum of different proteins BLAST searches may result with, in this case based mainly on a relatively short and highly conserved putative microtubule-binding motif. The present study focuses on sequences having both regions conserved, i.e. containing the complete p25-alpha domain annotated as "Long-type TPPPs" in Orosz (2009) . Additionally, we used sequences annotated as "Short-type TPPPs" (Orosz 2009 ) as an outgroup (Fig. 5) .
Existence of alternative TPPP protein isoforms. Alternative protein isoforms evidenced for Gallus gallus (sequences XP 001231864.1 and XP 418894.1, both expressed from the same gene, GeneID: 420800) affect the beginning of TPPP homolog protein sequences. To increase the reliability of distance comparisons, the final alignment (Fig. 4) used to calculate the distance tree (Fig. 5) does not include the amino-terminus of protein sequences but start with amino acid residues aligned with the beginning of the p25-alpha domain (the residue F45 of the human TPPP/p25 protein sequence NP 008961).
Species-specific TPPP gene duplications. Phylogenetic relationships of TPPP homologs are further influenced by independent duplication events ranging from single-gene up to whole-genome duplications. An example of gene duplication is evidenced in Chlamydomonas reinhardtii (Archaeplastida) where TPPP homolog proteins XP 001695015.1 and XP 001695016.1 are coded by two closely situated adjacent genes on a genomic scaffold NW 001843688.1. We have also detected two Leishmania brasiliensis (Excavata) proteins, which share an identical central part and contain alternative ends (XM 001563354.1 and XM 001563355.1). Although they might look like two alternative protein isoforms expressed from the same gene, the sequences actually originate from two closely situated genes (chromosome 14: AM494951, GeneID: 5413915 LbrM14 V2.1180 and GeneID: 5413916 LbrM14 V2. 1190). Both genes are intron-less, which is usual for Leishmania sp. (Sbicego et al. 1998 ). An example of the whole genome duplication is evidenced in Paramecium tetraurelia (Chromalveolata) (Chalker & Stover 2007) , where proteins XP 001436768.1 and XP 001423901.1 are coded by genomic scaffolds NW 001799037.1 and NW 001798956.1, respectively. Another interesting example relates to the metazoan Nematostella vectensis, where proteins XP 001641058.1 and XP 001628751.1 are coded by genomic scaffolds NW 001834409.1 and NW 001834257.1, respectively. Gene duplications enable different evolutionary pathways for copied genes and allow for the possibility of misinterpreting sequence positions in the distance tree. This is especially true if we use sequences originating from species whose genomes are not completely sequenced (because we do not know if there are more copies of the gene in ques- Table 1 . List of sequences showing their systematic origin, positions of introns in aligned protein sequences (Fig. 4) tion and, in the case the gene is copied, we do not know which copy we work with). So, with such a small total number of sequenced TPPP homologs, it is not possible to deduce the origin of the above-mentioned duplications or their influence on the evolution of TPPP homologs. A higher number of completed eukaryotic genomes would also allow for an estimation of the influence of duplications on the TPPP gene evolution, seen through the contrasting views on the evolutionary importance of gene duplications (Chapman et al. 2006) . Protein sequence comparisons. Sequence similarity methods are in some cases very reliable in detecting different paralogous genes, for example, within the p53 family, where the radiation of one ancestral gene into three paralogs can be detected with bootstrap values of more than 97% (Štifanić et al. 2009 ). On the other hand, although no other sequences interfered with the vertebrate clade (Fig. 5) , the radiation of TPPP genes (again into three paralogs in the vertebrate lineage) cannot be clearly detected by sequence similarity comparisons because the basic branching points within the vertebrate clade have low bootstrap values indicating their low reliability. Nevertheless, and although we have detected a relatively high occurrence of species-specific duplications, our results in general support the hypotheses that only one TPPP homolog is present in all TPPP-containing organisms, i.e. probably in all ciliated eukaryotes (Orosz & Ovádi 2008) except in vertebrates where the gene has radiated in three paralogs (TPPP/p25, TPPP2/p18 and TPPP3/p20). A clear connection of sequence similarity comparisons with widely accepted phylogenetic relationships is probably obscured by evolutionary consequences of TPPP gene duplications, as well as possible adaptational constrains.
Nevertheless, the sequence similarity tree (Fig. 5 ) reflects general phylogenetic relationships quite well (Keeling et al. 2009; Sayers et al. 2009 ). Clear exceptions are the echinoderm Strongylocentrotus sp. and urochordate Ciona sp. Sequences, which grouped together (Strongylocentrotus) or next to (Ciona) the basic metazoan (poriferan and cnidarian) clade, instead of being positioned close to other chordate (the cephalochordate Branchiostoma sp. and vertebrate) sequences. Both Strongylocentrotus sp. and Ciona sp. sequences as well as all poriferan and cnidarian sequences originate from aquatic animals with their cilia exposed directly into the environmental water. A possible explanation for such a grouping of animals with cilia exposed to the aquatic environments could be the adaptational sequence convergence due to functional requirements in such conditions. To further clarify the relationships of TPPP homolog sequences, we performed the analysis of TPPP genomic structures as an additional marker.
Genomic structure analysis. The genomic structure analysis was performed by comparing TPPP homolog intron positions and phases. We have to be aware that although the conservation of intron positions can be used as a phylogenetic marker, especially for short evolutionary distances (Venkatesh et al. 1999) , current knowledge about introns does not make them a reliable phylogenetic marker (Rogozin et al. 2005) , especially in regions of low amino acid sequence conservation. On the other hand, intron phases are easy to identify and independent of most mutations which give rise to functional homologous genes. Intron phases have already been noted as an evolutionary conserved property if the intron remains present in the gene (Gilbert et al. 1997) . The same phase of closely situated introns therefore indicates the possibility that the change of the intron position actually resulted from the change in adjacent amino acids and not from the physical movement of the intron, especially for long phylogenetic distances. Distribution of introns in TPPP genes is included in the amino acid alignment (Fig. 4) , and separately listed in Table 1 for an easier overview.
All analyzed euchordate genes contain two introns at identical positions ( Fig. 4 ; positions 61;phase2 and 127;phase0). Both intron positions are also conserved in some insects (Apis mellifera and Nasonia vitripennis) and the urochordate Ciona, which contains two additional introns. The second intron position (127;0) is highly conserved in all opisthokonts, i.e. in all "Longtype TPPP/p25 homologs" (see Orosz 2009 ). Additionally, the conservation of amino acids adjacent to both positions "61;2" and "127;0" can also be seen in lower eukaryotes (i.e. in "Short-type TPPP homologs") leading to the conclusion that the two introns were lost in lower eukaryotes after the split from the common ancestor. On the other hand, we have to be aware that we here handle only four intron-containing "Short-type" TPPP homologs and drawing general conclusions from such a small number of sequences could be misleading. It is also true that no matching intron position was found between "Long-type" and "Short-type" TPPP homologs in our set of sequences. Nevertheless, the high degree of sequence conservation of the majority of p25-alpha domain clearly shows a phylogenetic connection between TPPP genes in opisthokonts and lower eukaryotes.
Conclusion
A TPPP homolog genomic and cDNA sequence from a basic metazoan organism, the poriferan marine sponge Suberites domuncula, was cloned and sequenced. A comparative study of eukaryotic TPPP homolog genes was performed at the protein sequence level as well as genomic structure level. We have confirmed the poriferan TPPP homolog to be a "Long-type TPPP protein", i.e. to contain the complete p25-alpha domain. Its genomic structure was shown to be similar to genomic structures of other metazoan TPPP/p25 family genes.
We have also shown here examples for the existence of alternative splicing as well as multiple copies of complete TPPP genes. Although it is possible to reconstruct distance trees with quite a high degree of coincidence to widely accepted phylogenetic relationships, it is still not possible to reliably confer the origin of different TPPP sequences. This is due to possible in-fluence of gene duplications as well as adaptation to environmental conditions, but primarily to a low number of available TPPP sequences, and an especially low number of completed invertebrate metazoan genomes.
The open question still remains: which of the three vertebrate paralogs is the ancestral gene of the TPPP family? Revealing the function of the invertebrate animal and/or other non-vertebrate eukaryotic TPPP homologs would be of great help in answering this question.
